Abstract. The influence of two winter periods with a different duration of the ice cover on Lake Peipsi (Estonia) on plankton and nutrient content was analysed. The winters of 2005 and 2006 were cold with ice duration of 140 days, whereas the winters of 2007 and 2008 were mild with about 50 and 15 days of ice duration, respectively. Total phosphorus (TP) concentration was lower, while silicon content and the nitrogen-phosphorus ratio (TN : TP) were markedly higher in the springs after the short winters of 2007 and 2008. The high Si concentration and TN : TP ratio persisted throughout the growing season of those years. Unicellular centric diatoms showed a sharp increase in April 2008, while the large filiform diatom Aulacoseira islandica dominated in the cool winters and after ice break-up. The high spring peak of diatoms was followed by their low biomass in summer. In May 2008, total zooplankton biomass, cladoceran biomass, and rotifer biomass were two times and that of copepods three times as high as in the Mays after the long-lasting ice cover. In the Junes after the mild winters the biomasses of total zooplankton and both crustacean groups (Cladocera, Copepoda) were about two times as high as the corresponding indicators for the Junes after the cool winters. The biomass of rotifers, on the contrary, was two times lower in the Junes after the warm winters because the numerous cold stenotherms Polyarthra dolichoptera and Synchaeta verrucosa had totally disappeared from zooplankton. The influence of ice duration on phytoplankton is most likely indirect, acting through nutrients, and on zooplankton direct, acting through water temperatures. The springs after warm winters related positively to zooplankters' mean weight, zooplankton-phytoplankton biomass ratio, and the timing of the clear water period.
INTRODUCTION
Mean global air temperature has increased steadily in recent decades (Weyhenmeyer et al., 2008) . Global average surface temperature of the Earth rose approximately by 0.6 °C in the 20th century. Regional climatic models for Sweden simulate increasing air temperatures over the following decades, especially temperatures in winter (Rummukainen et al., 2001) . The warming trend in recent decades has led to an earlier ice break-up in lakes and to increased water temperature in many northern temperate lakes, particularly in spring (Gerten & Adrian, 2000; Weyhenmeyer, 2001; Nõges, 2004; Adrian et al., 2006) . Magnuson et al. (2000) reported a 6.3 days earlier ice break-up in lakes over the northern hemisphere in the past 100 years in response to the 1.2 °C air temperature increase. The ice cover on lakes is not only a robust indicator of climate change and variation but it represents also a limnological response to climate change, which influences the ecology of the aquatic system: several studies showed that the ice cover has an impact on underwater light conditions (Leppäranta et al., 2003) and nutrient recycling (Livingstone, 1993) , as well as on the production and biodiversity of phytoplankton (Phillips & Fawley, 2002; Weyhenmeyer et al., 2008) , and on the dynamics of zooplankton (Talling, 2003; Richardson, 2008; Blank et al., 2009 ). Other studies (Nõges, 2004; Wagner & Benndorf, 2007; Blank et al., 2009) demonstrated that biological systems can exhibit responses to subtle climatic signals and could be sensitive indicators of climatic indices. Temperature-driven changes in interactions between populations are crucial to estimation of the impact of global warming on aquatic food webs (Wagner & Benndorf, 2007) . Climate warming is known to affect most winter and spring conditions (Sorvari et al., 2002; Weyhenmeyer et al., 2005) . It is possible that winter conditions determine the 'inoculum' of species in spring and affect thus the succession pattern in spring and, possibly, also over the entire year (Adrian et al., 1999) . The spring development of phyto-and zooplankton depends differently on physical conditions in early spring: phytoplankton depends on light (and on stratification in deep waters), while zooplankton depends on the availability of food and temperature (Sommer et al., 2007) .
In the case of Lake Peipsi it is worth stressing that shallow freshwater ecosystems are particularly susceptible to externally imposed change, and are therefore likely to be the ecosystems facing considerable perturbation under scenarios of climate warming (McKee et al., 2002) . According to Köhler & Hoeg (2000) , shallow lakes are more strongly influenced by stochastic meteorological events than deep lakes. In Lake Peipsi, the warm winters of 2007 and, particularly, of 2008 offer a possibility of comparing some spring parameters of water chemistry and plankton with those of the two previous moderately cold winters of 2005 and 2006. We presume that significant differences exist between these periods in the water nutrient content and plankton dynamics immediately after ice break-up and possibly also in the following months.
STUDY SITE
Lake Peipsi sensu lato (s.l.) is a large (3555 km 2 ) and shallow (mean depth 7.1 m) mainly unstratified lowland water body. Located on the Estonian-Russian border, Lake Peipsi is the largest international lake in Europe. Its water volume is 25 km 3 at the long-term mean water level (30 m above sea level) and the mean residence time of water is about two years. The entire catchment area of 47 800 km 2 includes Estonian (34%), Russian (58%), and Latvian (8%) territories. The catchment area is largely located in an agricultural region. The largest inflows are the Velikaya River in Russia and the Emajõgi River in Estonia. The Narva River, the only outflow of Lake Peipsi, falls into the Gulf of Finland. In the 1960s the lake was covered by ice for up to 6 months, but in recent decades the period of ice-cover has shortened to 3-4 months. In the winter of 2008, which is regarded as the warmest of the last 140 years (Jaagus, 2008) , no permanent ice freeze-up occurred. The water is the warmest (21-22 °C in open water) in July-August. The water is alkaline: the mean pH for the ice-free period is 8.36 (Milius & Haldna, 2008) .
The lake consists of three parts: the northern, the largest and deepest, is Lake Peipsi sensu stricto (s.s.; 2611 km 2 , mean depth 8.3 m), and the southernmost part is Lake Pihkva (708 km 2 , 3.8 m), which is connected with Lake Peipsi s.s. by the river-like Lake Lämmijärv (236 km 2 , 2.5 m). On the basis of the OECD (1982) classification, Lake Peipsi s.s. is a eutrophic water body (total nitrogen (TN) 640, total phosphorus (TP) 50 g m -3 in summer for [2003] [2004] [2005] [2006] [2007] [2008] , while Lake Pihkva is hypertrophic at present (TN 1200 and TP 130 g m -3 ). Lake Peipsi s.s. was almost mesotrophic and Lake Pihkva eutrophic in the 1960s (Starast et al., 2001) .
MATERIALS AND METHODS
Hydrobiological and hydrochemical samples were collected from March to June 2005−2008. Integrated samples of phyto-and zooplankton were obtained with the Van Dorn sampler by mixing the samples from the whole water column in a large vessel on board. The number of sampling sites was 6 in April-June and 13 in March when data for Lake Pihkva (located almost entirely in Russia) were available. The methods of collecting and treating samples are described in detail in Laugaste et al. (2001) and in Haberman (2001) . Hydrochemical samples were analysed in Tartu Environmental Researchers Ltd, Estonia. Data on ice duration were obtained from the Estonian Institute of Meteorology and Hydrology. Samples of phytoand zooplankton were taken and water parameters and nutrient content were measured in parallel. Statistical conclusions and tests were made using a multiparametric regression model. Differences between the two periods were estimated with the help of parametrical functions (SAS Institute Inc., 1999) . The program STATISTICA for Windows was used for drawing figures.
RESULTS AND DISCUSSION

Ice duration and water temperatures in the months following ice break-up
Climate research in Estonia has demonstrated a temperature rise of 1-1.7 °C in the second half of the 20th century, with the most marked increase in spring (Jaagus, 2003) when the impact of temperature change on the biota is the most significant. The impact on aquatic systems is expressed by an earlier ice breakup, lengthening of the vegetation period, and increase in the productivity of water bodies (Irigoien et al., 2000) . Shatwell et al. (2008) defined the start of spring as the time when water temperature reaches 3 °C, which corresponds to the time of ice thaw, and the end of spring as the time of the clear-water phase. For Lake Peipsi the start of spring is considered to occur at a water temperature of 4 °C (Jaani, 2001 ). According to earlier data, the ice cover on Lake Peipsi lasts up to 6 months and attains a thickness of more than 1 m in some cases (Jaani, 2001) . In recent decades, short and mild winters were frequent and lasted less than two months, as was the case in 2007. Moreover, a permanent ice cover was almost lacking on the lake in the winter of 2008. The two mild winters, 2007 and 2008, provided us with a 'natural experiment' and allowed drawing a parallel with the winter and spring conditions in the two earlier years with the so-called 'normal' winters when the ice duration was more than four months (Table 1) . Obviously, the time of ice break-up affects water temperatures most strongly in April. However, also in May an effect of the time of ice break-up and severity of winter on water temperature could be observed. An earlier analysis of a 12-year data set (1997 Blank et al., 2009 ) also showed that water temperatures in May are positively correlated with those in April (r = 0.68, p < 0.001). As a rule, water and air temperatures in June behaved independently of winter conditions. The sum of water temperatures of April and May is the key factor to prompt the growth of phyto-and zooplankton and hence the subsequent dynamics of these groups. Another significant factor is the impact of the severity of winter on the concentration of nutrients, which affects particularly the composition and biomass of phytoplankton in the following months.
Influence of winter on nutrients in the following months
Long-term analyses of the physical and biological characteristics of freshwater ecosystems in Northern Europe have shown that climate change affects winter concentrations of nitrate nitrogen and dissolved reactive phosphorus (George et al., 2004) as well as the timing of the events of the seasonal succession of phytoplankton and zooplankton (Weyhenmeyer, 2001; Gerten & Adrian, 2002; Romare et al., 2005; Adrian et al., 2006; Richardson, 2008; Shatwell et al., 2008) . The water chemistry of Lake Peipsi revealed some differences between the two observation periods. The concentration of total phosphorus (TP) was significantly lower after the warm winters (p = 0.007) while the concentration of total nitrogen (TN) was only slightly (not significantly) higher in that period. As a consequence, the TN : TP ratio was significantly higher for the spring months after the warm winters of 2007 and 2008 than after the cold winters ( Fig. 1 ). Our earlier observations since 1997 revealed increased TP concentrations in spring when the ice cover had lasted three months or longer ). This can be explained by oxygen depletion in the bottom layer and an increased release of P from the sediments in the case of a longer ice cover in late winter. In very shallow lakes, the action of the wind and waves is known to influence the transfer of nutrients from bottom sediments in the ice-free period, and large internal phosphorus loading may occur when wind-induced resuspension reaches deeper, anoxic sediments with a high P concentration in pore water (Nõges & Kisand, 1999) . These authors noted that the daily release of soluble reactive phosphorus during the storm exceeds the annual external P load to Lake Võrtsjärv (mean depth 2.8 m). This effect is not observed in Lake Peipsi with a mean depth of 8.3 m in the largest part. This lake is unique among large lakes as it differs both from deep stratified lakes and very shallow lakes.
Differences between the two periods were also observed in the mineral forms of nutrients: the concentration of nitrate nitrogen (NO 3 N) was higher (p = 0.021) and those of ammonia (NH 4 N) and phosphates (PO 4 P) were lower after the mild winters (p = 0.012 and 0.015, respectively). Our data since 1997 also show that the concentration of nitrogen, particularly that of nitrates, is inversely related to ice duration (r 2 = 0.39, p = 0.001) and the sum of water temperatures up to sampling in May (r 2 = 0.36, p = 0.018). A significant difference between the two periods under study was found in the silicon concentration, which was higher after the warm winters (p = 0.0004). Unlike our data, Weyhenmeyer et al. (2008) noted lower values of nitrate N and Si in Lake Vänern in ice-free winters and higher values of those elements in winters with an ice cover. This was connected with phytoplankton growth, as the chlorophyll a content and phytoplankton biomass were significantly higher in the studied ice-free winters. No differences between the two observation periods were found in the present study in chemical oxygen demand (COD Cr ) and the concentration of iron: both showed markedly higher values after the cool winters according to our data since 1997.
Phytoplankton
Spring plankton communities of temperate lakes are characterized by a domination of fast-growing species (diatoms, cryptophytes), which are adapted to the prevailing steep temporal gradients of temperature and light, resulting in immediate and likely synchronous phenology shifts towards climate warming. In April- , most sampling points were ice-free and dominated by the large S. neoastraea. In both mild years, the biomass of diatoms was extraordinarily high in the winter season as well as after ice break-up in April (Fig. 2) . Also Köhler & Hoeg (2000) stressed the positive effect of a mild winter and short ice cover for centric diatoms. In May 2007 and 2008, the total biomass of phytoplankton increased after earlier ice break-up, and the higher biomass of diatoms after the warm winters was in accordance with higher concentrations of silicon (r = 0.45, p = 0.002). Also the growth of other algal groups (cyanobacteria, chlorophytes, and cryptophytes) occurred earlier in those years compared to the spring months of 2005 and 2006. Adrian et al. (1999) analysed the timing of maxima of different phytoplankton and zooplankton groups in a shallow lake and found that the plankton groups that appeared first in seasonal succession reached their maximum abundance earlier after mild and average winters than after cold winters. In Lake Peipsi, the longer growing season and the higher N : P ratio after the mild winters had an effect on the phytoplankton composition in the following months. Contrary to the recognized opinion about the positive effect of a long growing season on water bloom (Weyhenmeyer at al., 2002) , the summer water bloom in Lake Peipsi was more modest in 2007 and 2008 than in 2005 and 2006 (Fig. 3) . Also, the relatively low air and water temperatures in the summer months, particularly in 2008, probably played a significant role. The high N : P ratio as well as the high silicon concentration after the mild winters can explain the high spring peak of diatoms and their modest biomass in summer due to exhausted silicon resources. On the contrary, the lower spring peak of diatoms after the severe winters is related to their higher biomass in summer (Fig. 4) . Sorvari et al. (2002) noted a close connection between spring temperatures and the composition of diatom plankton in lakes of Finnish Lapland.
An earlier ice break-up brings about an increase in the species abundance: in Lake Peipsi it was clearly higher in May (p = 0.031) and the following growing season of 2007 and 2008 than after the cold winters (p < 0.0001). The species number of cyanobacteria and chlorophytes, but not that of diatoms, was influenced by the earlier ice break-up. Recent studies have shown that changes in the temperature regime and in the timing of lake ice break-up are reflected in the increasing trend of the North Atlantic Oscillation (NAO) index (Livingstone, 2000; Nõges, 2004) , which characterizes the variability of air pressure differences between Iceland and the Azores (Hurrell et al., 2001) . Weyhenmeyer et al. (2002) demonstrated that in 1999, with the highest value of the NAO winter (NAOw) index, the biomass of diatoms in May was low, indicating that diatoms disappeared from the water column earlier than usual. The timing of the phytoplankton spring peak is strongly dependent on the length of the winter ice cover (Shatwell et al., 2008) . The frequency of warm and short winters is largely affected by the increasing trend of the NAO index. On the basis of our data from 1970 to 2009, the NAOw index (December, January, February) was correlated negatively with water level and positively with water temperatures in the following growing season (average for May-October) in Lake Peipsi s.l. (r = -0.52, p = 0.001; r = 0.329, p = 0.041, respectively). A positive correlation between the NAOw index and phytoplankton biomass (data for 1970-2009) was observed for the summer months in the shallow Lake Pihkva (r = 0.37, p = 0.029) but not in the deeper Lake Peipsi s.s. Also Nõges (2004) confirmed positive correlations between the NAOw index and water temperatures in some following months (April, July, and September) and an inverse relationship between the phytoplankton biomass and water level in summer in the shallow Lake Võrtsjärv. Evidently, very shallow lakes are more responsive to the variability of the NAO. Concordance between the low water level and high phytoplankton biomass in Lake Peipsi was described in an earlier study (Laugaste et al., 2001) . This is consistent with the mean values of the NAO index for the year, which had a positive correlation with water temperatures of the growing season (r = 0.28, p = 0.046) and with the phytoplankton biomass in Lake Pihkva (r = 0.38, p = 0.027), and a negative correlation with the water level of the growing season (r = -0.48, p = 0.011). However, the NAO spring index (March, April, May), which was strongly positively correlated with the sum of water temperatures in May in the whole Lake Peipsi (r = 0.748, p = 0.008), revealed no correlation with the spring phytoplankton biomass.
Zooplankton
Typically, a spring maximum of phytoplankton, dominated by diatoms, is accompanied or followed by a maximum of copepods and then by a maximum of cladocerans dominated by the Daphnia hyalina galeata complex (Talling, 2003) . As water temperature is considered to be one of the most important factors influencing zooplankton abundances in spring in temperate lakes (Swadling et al., 2000; Chen & Folt, 2002; Shatwell et al., 2008; Blank et al., 2009) , climatic factors such as an increase in winter/spring air temperature affect the timing of zooplankton spring development (Weyhenmeyer et al., 1999; Mehner, 2000; Gerten & Adrian, 2002; Romare et al., 2005; Wagner & Benndorf, 2007; Richardson, 2008) .
It is known that rotifers as well as copepods (mainly juvenile forms) prevail in winter zooplankton (Ventelä et al., 1998; Virro et al., 2009 ), but dominants can differ markedly between different years (Sarvala et al., 1998) . In Lake Peipsi the most common stenothermic winter rotifers were Synchaeta verrucosa (Nipkow) and Polyarthra dolichoptera (Idelson); among eurythermic species, the most frequent were Keratella cochlearis (Gosse) and K. quadrata (Müller). Like in winter, in May zooplankton was also dominated by rotifers and juvenile forms of copepods (genus Mesocyclops, Cyclops kolensis Lilljeborg). In May the average water temperature (~ 10 °C in the study years, long-term average 8 °C for Lake Peipsi s.s. and 11 °C for Lake Lämmijärv) does not favour the development of thermophilic cladocerans. The share of cladocerans was about 2% in the abundance of zooplankton and 7% in their biomass. Cladoceran biomass was built up of species from the genus Bosmina (B. berolinensis Imhof, B. gibbera Schoedler, B. longirostris (Müller), B. thersites (Poppe)); the occurrence of Daphnia spp. was very low. Most cyclopoid copepod species undergo diapause in the sediment in the late copepod stage in winter, which is also the case in Lake Peipsi as adult copepods are absent from the pelagic zone in winter and early spring. A similar situation was noted for the early spring copepod population in Lake Müggelsee, Germany (Adrian et al., 2006) . The occurrence of adult C. kolensis is quite rare in Lake Peipsi. A declining trend of C. kolensis biomass was detected in the winter zooplankton of Lake Peipsi since the 1980s (Haberman, 2001) . It can be explained by the strong predation pressure by fish (Ibneeva, 1983) , by the high trophic state of the lake (Sikorowa et al., 1975; Haberman, 2001) , and by changes in the structure of zooplankton due to warm winters (Adrian & Deneke, 1996) . In the shallow eutrophic lakes Nero and Seliger in Russia, C. kolensis is not numerous either (Rivier, 1996) .
The warm springs (2007 and 2008) differed from the cold springs in that the winter thermophobic rotifers P. dolichoptera and S. verrucosa, whose large numbers are frequent in cold May, never dominated in the zooplankton abundance. Another evident difference was domination of some cladoceran species, mainly B. berolinensis, in the zooplankton biomass in the warm springs, which does not happen when temperatures are lower in May. Climate impacts on the distribution and phenology of the biota may act not only directly through individual physiology but also indirectly through species interactions (Berger et al., 2007) . Climate warming is predicted to induce a shift not only in the timing of the onset of the growth of phytoplankton but also in that of Daphnia populations (Scheffer et al., 2001) . However, these shifts are caused by different mechanisms: in the case of phytoplankton, it is the earlier transition from strong to weak vertical mixing that causes its shift; in the case of Daphnia, it is the increase in water temperature (Straile, 2000) . This difference in the responsible mechanisms makes it unlikely that climate warming will result in the same temporal shift in the onset of the growth of both phytoplankton and Daphnia populations. Before daphnids become dominant other zooplankton taxa, such as ciliates in the case of Lake Constance (Weisse et al., 1990 ) and the genus Bosmina and copepod juveniles in the case of Lake Peipsi, are responsible for phytoplankton loss. As the rates of grazing and population growth of these zooplankton taxa differ from those of daphnids, a shift in the timing of phytoplankton growth will have important consequences for the structure of the zooplankton community (Peeters et al., 2007) .
Despite only a slight difference in the water temperatures on the sampling day between the cool (2005 and 2006) and the warm (2007 and 2008) May, zooplankton biomass was almost two times higher in the warm May; the group influenced most by water temperature was the copepods (Table 2 ). In May 2008 the biomass of zooplankton, cladocerans, and rotifers was two times and that of copepods three times as high as in May 2005 and 2006 after a long-lasting ice cover. Identification of changes in the dynamics of cyclopoid copepods is quite problematic because of the complexity of their lifestyle. However, warming in late spring had a strong impact on the population development of Thermocyclops oithonoides in Müggelsee, and high spring temperature led to the early emergence of copepodites and, subsequently, to their early maturity (Gerten & Adrian, 2002) .
Zooplankton biomass in spring was positively correlated with the sum of water temperatures from ice break-up to the sampling date (r = 0.5, p < 0.001) and was larger after the warm winters. At the same time, the abundance of zooplankton decreased in spring (June) after the warm winters due to the rapid decline in rotifers, which formed the bulk of plankton in winter and immediately after ice break-up (Fig. 5) . The increase in the zooplankton biomass after the warm winters was primarily induced by the steady growth of cladocerans (p = 0.004).
In Lake Peipsi, intense development of cladocerans, especially the genus Daphnia (D. cucullata Sars, D. galeata Sars, D. cristata Sars), starts in June at water temperatures of 15-16 °C (Haberman et al., 2008) . In June, the share of showed that the share of cladocerans in the zooplankton biomass and abundance had a significant positive correlation with water temperatures in spring (r = 0.7, p < 0.001). The biomass of zooplankton was mainly formed of D. cucullata (up to 75%) and D. galeata (up to 55%); at the same time, the share of the filterfeeding Eudiaptomus gracilis (Sars) was also remarkable (up to 44%). Obviously, higher water temperature supported the development of D. cucullata, which is one of the most thermophilous cladocerans in Lake Peipsi. It usually appears in June (average water temperature 17.6 °C), disappears in September-October, and is found at water temperatures of 7.8-23.4 °C (Haberman, 2001) . Mild winters favour an early build-up of Daphnia populations, both directly through increased surface temperatures and indirectly by enhancing algal production (Berger et al., 2007) . The data by Wagner & Benndorf (2007) suggest that even a slight warming by 1.7 °C during a short, but critical seasonal period, resulting in the coincidence of other factors affecting keystone species, such as Daphnia, may induce changes in whole lake food webs and thus alter the entire ecosystem. In the Junes after the warm winters the biomass of total zooplankton and both crustacean groups (Cladocera, Copepoda) was about two times as large as the corresponding indicator for the Junes after the cool winters (Table 3) . Inversely, the biomass of rotifers was two times as small as in the Junes after the warm winters because the numerous cold stenotherms P. dolichoptera and S. verrucosa had completely disappeared from zooplankton owing to the unsuitable water temperature, while the summer complex of rotifers had not yet completely formed. It is known that Table 3 . Zooplankton data for June in cooler and warmer periods. Water temperature on the sampling day. Abbreviations and units as in Table 2 ; w -mean zooplankter weight ( also in the other large and shallow Estonian lake, Võrtsjärv, connected with Lake Peipsi, both P. dolichoptera and S. verrucosa are represented in spring plankton only at water temperatures up to 14 °C (Haberman, 1995) . The mean weight of a zooplankter and individuals of different zooplankton groups reflect well the weight composition and hence the grazing capacity of zooplankton. In the Junes after the warm winters the mean weight increased 5 times per zooplankter, 2.4 times per cladoceran, almost 3 times per copepod, and 3.6 times per rotifer. The greater mean weight of rotifers (p = 0.006) can be explained by the frequent appearance of the large-bodied Asplanchna priodonta Gosse in the plankton of that period. Neglecting the presence of A. priodonta, the mean weight of a rotifer individual in the Junes after the warm winters would be lower than the mean weight of a rotifer in the Junes after the cool winters as the disappeared S. verrucosa is larger than K. cochlearis and especially K. tecta Gosse, which dominated in the abundance of zooplankton in June. As the mean zooplankter weight depends directly on average monthly water temperatures (Haberman & Künnap, 2002) , it was higher after the warm winters (Fig. 6) . The mean weight of copepods was higher in the second observation period (p = 0.013) due to the increased abundance of the large-bodied Eudiaptomus gracilis. Copepods spend the winter diapausing on sediment as copepodites of the fifth stage and move up into the water layer under favourable temperature and light conditions. Soon they become mature and begin to reproduce so that different juvenile stages are numerous in the water at that time. After ice break-up in April-May the amount of hatched nauplii as well as copepodites increases and their share in the total zooplankton biomass increases as well. The increase was steeper after the warm winters; the development of nauplii into copepodites was more rapid, and in the Junes after the warm winters the decrease in the biomass of nauplii, as well as the increase in the biomass of copepodites, was steeper than after the cool winters (Fig. 7) . 
Zooplankton-phytoplankton biomass ratio (B Zp /B Phyt ) and the clearwater period
The ratio B Zp /B Phyt is a well-known indicator of the state of a water body: it is higher in the case of a lower trophic state of the lake (Andronikova, 1996; Haberman & Laugaste, 2003; Jeppesen et al., 2005) . This ratio reflects largely the type (effectiveness) of the food web and hence the character of the ecosystem. Indirectly, it characterizes the dominating groups in plankton, feeding relationships between phyto-and zooplankton, and the pressure of fish on zooplankton. The seasonal variability of the ratio depends on the dynamics of both plankton groups. For Lake Peipsi quite a marked increase in the ratio (up to 1) was observed in May while the maximum values (up to 2) occurred in June. In these months, B Zp /B Phyt showed the widest yearly range of fluctuations caused by differences in the melting time of the ice cover and hence in the timing of the phytoplankton spring peak in different years. This ratio was markedly higher after the warm winters (Fig. 8a) , which is connected with the more numerous appearance of thermophilous and large-bodied cladocerans. The highest ratio for June reflects a drop in phytoplankton biomass after its spring peak and increasing grazing of zooplankton. It is worth noting that small-celled algae (unicellular centric diatoms and cryptophytes), serving as suitable food for zooplankton, and large-bodied zooplankters (mainly powerful grazers from the genus Daphnia) were prevailing in June. Consequently, phytoplankton was most likely controlled by top-down (zooplankton) forces. The mean ratio of 0.62 for June (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) in Lake Peipsi s.s. (Blank et al., 2010 ) allows us to suppose that an efficient algal food chain may occur then, while in the other months an inefficient microbial food chain is prevalent. The values of B Zp /B Phyt suggest that the impact of herbivory (top-down pressure on phytoplankton) is negligible and the bulk of primary production remains uneaten, which is probable for the eutrophic Lake Peipsi s.s. and evident for the hypertrophic Lake Pihkva. The almost ice-free winter of 2008 affected this ratio positively in the following growing season (Fig. 8b) , reflecting the decrease in the trophic state at that time. Clearly, the influence of the cool summer of that year must not be neglected. Besides B Zp /B Phyt , the ratios of cladocerans to phytoplankton biomass (B Clad /B Phyt ) and all filtrators to phytoplankton biomass (B Filtr /B Phyt ) characterize well feeding relationships and timing of the clear-water phase in spring. These ratios are influenced by temperatures, which are higher in warm springs. According to Matveev & Matveeva (1997) , the ratio B Clad /B Phyt above 0.1 indicates a significant effect of cladoceran grazing on phytoplankton. In Lake Peipsi, the effect exerted on phytoplankton by filtrative copepods (Eudiaptomus and copepodites) in May and by cladocerans in June (mainly Bosmina, later Daphnia) was more evident after the mild winters (Fig. 9a, b) . In temperate lakes, the most conspicuous events during the seasonal succession of the plankton community are phytoplankton spring bloom and the subsequent clear-water phase, a period of low phytoplankton biomass caused by the intensive grazing of the growing population of crustacean zooplankton (Berger et al., 2007) . In Central European lakes, the timing of the clear-water phase is linked to large- scale climatic forcing, with warmer winters being followed by an earlier onset of the clear-water phase (Straile, 2000 (Straile, , 2002 Scheffer et al., 2001) . Wagner & Benndorf (2007) showed that the clear-water phase starts 5.8 days earlier per degree of warming after warmer winters compared to colder ones. According to our data for Lake Peipsi from 1997-2008 , Secchi disc values in May had negative correlations with ice duration (r = -0.62, p < 0.001). A clearwater period in June coincided with belated ice break-up (in late April or early May). The biomass of total phytoplankton, cyanobacteria, diatoms, and chlorophytes revealed quite strong negative correlations with Secchi values in May and June (p ≤ 0.001), the strongest being the correlation between cyanobacteria and Secchi values in June (r = -0.82). The zooplankton groups were differently related to transparency: rotifers showed positive correlations for May and June, and copepods as well as the genus Daphnia showed negative correlations for June. Zooplankton spring growth follows the phytoplankton spring bloom; after a few weeks of zooplankton increase, its grazing rates exceed phytoplankton production, leading to its minimum in late spring-early summer, i.e. the clear-water phase (Sommer et al., 2007) .
In conclusion, we can say that the effect of the severity of winter on phytoplankton in the months following ice break-up occurs quite indirectly, possibly through relationships with nutrients. Zooplankton is most likely directly affected by the dynamics of water temperatures. The results of an experiment presented by the nature allowed us to conclude that a warm winter and an early ice break-up have a significant effect on the chemical composition of water and on spring phyto-and zooplankton, as well as, partly, on the whole subsequent growing season.
